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Half-metallic magnetism in the 1990s 
Robert A. de Groot 
ESM. Toernooiveld, 6.52~ ED Nijmegrn. The Netherlunds 
The possibility of designing half-metallic magnetic multilayer systems is investigated. In part two the prospects of 
realizing a half-metallic antiferromagnet with emphasis on applications in scanning-tunneling microscopy is discussed. 
1. Half-metallic magnetism as an interface 
property 
PtMnSb is the material with the highest mag- 
neto-optical Kerr effect (MOKE) at ambient 
temperatures [ 11. It is a half-metallic ferromag- 
net, i.e. it shows metallic conduction for one spin 
direction only [2]. This peculiar situation is re- 
sponsable for the unusual magneto-optical prop- 
erties. To appreciate this, a comparsion with the 
generation of spin-polarized electrons by laser 
irradiation of GaAs covered with Cs-0 [3] may 
be helpful1 (fig. 1). As the absorption of polar- 
ized light from the top of the spin-orbit-split 
valence band in GaAs leads to the emission of 
spin-polarized electrons, the absorption of light 
from the spin-polarized spin-orbit-split top of 
the valence band in PtMnSb leads to absorption 
of one polarization direction of the light only. 
This is responsable for the large contribution to 
the off-diagonal part of the dielectric tensor. So, 
the MOKE in PtMnSb and the creation of spin 
polarized electrons in GaAs are complementary 
phenomena, the similarity in electronic structure 
between the semiconducting spin direction in 
PtMnSb and III-V semiconductors was already 
stressed in ref. [2]. 
Other half-metallic magnets are NiMnSb [2], 
CoMnSb [4], FeMnSb [5], Fe,O, [6], CrO, [7] 
and KCrSe, [8]. It should be stressed that half- 
metallic behaviour in itself cannot guarantee in- 
teresting MOKE properties. The optical transi- 
tion in PtMnSb across the band gap is strong in 
PtMnSb (and, paradoxically, the origin of the 
strength is relativistic) [9]. It is an interesting 
question whether one can improve the MOKE in 
PtMnSb even further. A weak point in the prop- 
erties of PtMnSb is that the optical excitations, 
responsable for the off-diagonal dielectric tensor, 
are limited to only a small fraction of the Bril- 
louin zone, around the direct gap at r. If the top 
of the valence bands and/or the bottom of the 
conduction band were less disperse, one could 
hope to involve more electrons in the magneto- 
optical active transition. Attempts to achieve this 
by suitable doping have remained unsuccessful 
[lo]. The reason for this is twofold. Most of the 
suggested systems could not be prepared. The 
ones which could be synthesized did not show an 
improvement in MOKE over PtMnSb. One has 
to realize that the MOKE is not only determined 
by the offdiagonal dielectric tensor (T but by the 
diagonal part &I as well: 
6k + i@, = c 
&L E,) 
Doping possibly enhances (T but the substitution- 
al disorder introduced by the doping has a de- 
teriorative effect on E, and it is not clear whether 
a net positive effect results. Some of the require- 
ments of a good magneto-optical material relev- 
ant here are: 
- the diagonal part of the dielectric tensor, 
-the off-diagonal part of the dielectric tensor, 
- a high Curie temperature, 
- a sizable magnetic anisotropy. 
It is questionable whether doping in order to 
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improve on one of these without any control 
over the others. while at the s;mic time the 
stability of the suggested phase\ is dictated b\, 
thermodynamics (and thus also out of control (;l 
men) is a fruitful line of attack. 
A new challenge is formed by the udvance in 
the syntheses of metastable materials with tcch- 
niqucs like molecular beam cpitax! (MRE). The 
feasibility cmcrges to put atoms where man dc- 
tides rather than bvherc thermodynamics dic- 
tates. At the moment control is limited in pram- 
ticc to one dimension. thus we arc considering 
multilayer materials. These materials form an 
enormous challenge to the computational phy\i- 
cist: it extends his responsibility from the expla 
nation of an unusual phenomenon in a given 
system to the prediction of systems with unusual 
properties. This :lrc:l is one of the m;rnq 
pioneered by Art Freeman and his collaborators 
[ 111. The question we like to answer here is: can 
wc design multilaycr systems made out of alter- 
nating layers of 2 semiconductor and a (fcr- 
ro)magnetic metal with - as a result - half-metal- 
lie magnetic heha\ iour as an intcriirc:e p~-opc‘~.t! ’
If the ;inswc’r is yt3 one cdn hope to optlniirc the 
rilagneto-optic~il properties like the frccluenc! ‘I; 
which the KLxrr rotation pc;~lis (rel:Ltctl ICI the, 
bound gap of the serniconciuctor). the peak hclght 
(rclatcd to the oscill:rtor xtrengths acres\ the pap 
of the semiconductor). and the C‘urie rciiipci~ 
turc (relatccl to the magnetic properties 01 thy 
mctd ) irldc~~trtlclt~trtl~~ h\ xclecting xuitablc 
scmiconciucting and niet:illic constituent\. .4\ ;I 
fret gift one obtains the required magictic ;11i~ 
isotropy beca~~se of the svmmetrv of the I~X~CI-I- 
als (PtMnSb. a\ ;I cubic material clots not \ho\\ 
the rcquirecl anisotrop! ). 
As ;I tirst attempt wc focii\ on the niuitilaycr 
system Ph<>/ Fc. The nioti~~~lion for- this choice i\ 
as follows. As is well known. band \tructurcx 
calculations employing the local density approxl- 
mation (LDA) underestimate the bantl gap ot 
most scmiconcluctors. 
Since it is expected that the possible OCCLII- 
rcncc of half-metallic hchuviour cm dcpcnd criti- 
cally on the correct description of the hanJ g;~p 
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in the semiconducting phase, it is important to 
have a proper band gap in the calculation. The 
errors induced by the LDA can be corrected by 
the self-energy corrections in the G-W formal- 
ism. A relativistic calculation this way on a com- 
plicated system like a multilayer is at the mo- 
ment out of reach (at least with the computers 
available to me). In order to circumvent this 
problem we select the semiconductor from a 
class of compounds where LDA systematically 
gives a good description of the band gap: the 
group IV-a divalent chalcogenides. Pb was select- 
ed because of its heavy mass (MOKE is relativis- 
tic in origin); PbO was selected because it has 
the largest band gap of the lead-chalcogenides. 
Figure 2 shows the calculated bandstructure of 
the low-temperature form of PbO, litharge, 
using the ASW method [12]. The valence band is 
in good agreement with the results obtained by 
Hoffman et al. [ 131, the band gap (1.70 eV) is in 
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[ 141. This is somewhat fortuitous, usually a less 
perfect agreement is found in these systems. As 
a ferromagnetic metallic constituent we select 
iron. It shows only a moderate misfit if PbO 0 0 1 
is sandwiched with 1 10 iron and its high Curie 
temperature gives hope that the finite-tempera- 
ture depolarization is still modest at room tem- 
perature. Figure 3 shows the electronic structure 
of a 1: 1 Fe-PbO coherent interface. For didactic 
purposes in preparing the figure we have left out 
the offdiagonal interactions of the spin-orbit 
operator (L ‘S and L-S*). The effect of this is 
remarkably small in view of the strength 
of the interaction as was derived from the com- 
parison with results obtained with the full 
Hamiltonian. 
As we can see the result is a half-metallic 
ferromagnetic interface indeed, so we conclude 
that we can derive half-metallic properties by 
building a multilayer system of a semiconductors 
and a ferromagnetic metal. 
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2. The prospect of finding a half-metallic 
antiferromagnet 
One of the possible applications of half-metal- 
lic magnets is as a source of spin-polarized elec- 
trons. Spin-polarized photoemission in NiMnSb 
does not give 100% spin-polarized electrons at 
threshold [ 151. This observation is most likely 
due to either surface segregation or final-state 
effects. (The fact that the ground state is half 
metallic does not guarantee that the highly ex- 
cited state as probed by photoemission is also 
half metallic.) Recently [ 161, the half-metallic 
ferromagnct CrO, [7] was successfully applied as 
a source of spin-polarized electrons in a scanning 
tunneling microscope (STM). (The fact that the 
conductor CrO, shows no states of either spin 
direction at E, in photoemission [17] we attribute 
again to a final state effect [18].) The prospect of 
a spin-polarized scanning tunneling microscope 
(SPSTM) is exciting indeed. It could develop as 
a tool for studying occupied and unoccupied 
states close to E, as a function of spin, com- 
plementary to photoemission and BIS measure- 
ments which have been so useful up till now. The 
advantage of the SPSTM would be that it will 
not perturb the system under study as much as 
high-energy spectroscopy does. However, there 
is a drawback. The possibility to study a system 
depending on spin is most relevant for magnetic 
systems, which unfortunately will be perturbed 
magnetically by the presence of a permanent 
magnetic tip a few angstroms away in the 
SPSTM set-up. This problem could be circum- 
vented if we were able to design a half-metallic 
antiferromagnet, i.e. a system rvithout a sponta- 
neous magnetisation but with 100% spin polari- 
zation of the charge carriers at E,. Such a materi- 
al seems exotic, but we will see that it is quite 
possible - in principle at least. 
The reason for this optimism is the following 
observation. First, it is important to realize that 
the spin-magnetic moment of a HMF is an inte- 
gral number. This follows straight forwardly 
from the half-metallic nature: since one spin 
direction is semiconducting it has an integral 
number of occupied states. Since the total num- 
ber of electrons is integral, the number of elec- 
trons for the metallic spin direction is necessarily 
also integral, as well as the difference of the 
number of electrons for the two spin directions - 
which is the spin-magnetic moment (at least for 
the purpose of this discussion). 
In NiMnSb this number is 4, with the magnetic 
moment almost completely localised on Mn. The 
fact that CoMnSb is a HMF [4] originate from 
the fact that the electron it lacks compared to 
NiMnSb is completely donated by the metallic 
spin direction. Hence a reduction of the mag- 
netic moment from 4 to 3. 
In the following discussion we will consider the 
substitution of Co in CoMnSb by other 3d ele- 
ments Fe. Mn and Cr. It has to be emphasized 
here that although most of these compounds do 
form with the given stoichiometry; they do not 
crystallize in the Heussler Cl, structure, the 
structure for which the calculations on which this 
chapter relies have been performed. Substitution 
of Co by Fe would - if half-metallic behaviour 
persists-lead to a reduction of the magnetic 
moment from 3 to 2. The fact that this is indeed 
what happens comes from FeMnSb adopting a 
more complicated magnetic structure: it orders 
ferrimagnetically with the moment on Mn(3pIs), 
antiparallel to the moment on Fe( 1~~). In this 
way a net magnetic moment of only 2~~ results 
with at the same time higher local magnetic 
moments as would be possible in a ferromagneti- 
tally ordered half-metallic system. This is the 
result of a new contribution to the exchange 
coupling: the only possible way for FeMnSb to 
have seizable moments and maintain the energy 
gain of the energy gap for one spin direction is to 
order ferrimagnetically. The ferromagnetic solu- 
tion has a higher moment (5.09~~) but also a 
higher total energy since it is a normal fer- 
romagnet. 
In the same spirit MnMnSb in the Heussler Cl,, 
structure is a ferrimagnet, half-metallic with a 
net moment of 1~~. In going to CrMnSb the 
moment is reduced by another pB, hence 
CrMnSb is the half-metallic antiferromagnet we 
were looking for (fig. 4). In a sense, one could 
consider CrMnSb as an accidental antiferromag- 
net because the cancellation is not due to a 
symmetry relation between sites with up and 
down spins, but the moments on Cr are can- 
celled by the moments on Mn on different crys- 
1-i 
CrMnSk 
tallographical 4ite. The fact that ttli\ cNlcell;l- 
tion iy complctc is inherent to the half-metallic 
properties of C’rMnSh: the integral niagnctic mo- 
ment is 0 hew. Another important riiffcrenc~c 
with conwntional antifcrroma~ncts i4 shobn in 
the density of statcs curves at fig. 1. T‘hc c’lcc- 
ti-onic structure t‘or the two spin ciircctiona ii1 
C‘rMnSb is completely asymmetrical with respect 
to the spin direction. It should be \trcaacd. that 
the actual crystal structure of CrMnSb is much 
more involveci and probably f101 half-nictallic 
[ 191. The important conclusion. houevcr. is that 
at least in principle rnatt‘rials with 100c/ \pin 
polarisation at I;‘, and no net niagnetisation can 
exist! 
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